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We investigate the work function (WF) variation of different Au crystallographic surface orien-
tations with carbon atom adsorption. Ab-initio calculations within density-functional theory are
performed on carbon deposited (100), (110), and (111) gold surfaces. The WF behavior with carbon
coverage for the different surface orientations is explained by the resultant electron charge density
distributions. The dynamics of carbon adsorption at sub-to-one- monolayer (ML) coverage depends
on the landscape of the potential energy surfaces. At higher ML coverage, because of adsorption
saturation, the WF will have weak surface orientation dependence. This systematic study has con-
sequential bearing on studies of electric-field noise emanating from polycrystalline gold ion-trap
electrodes that have been largely employed in microfabricated electrodes.
The work function (WF) of a metal is defined as the
minimum energy needed to remove an electron from the
bulk to a point far from the metal surface. The local
WF of a surface, which can be experimentally measured
using Kelvin-probe microscopy[1], is affected by the elec-
tronic distribution of charge on the surface. When atoms
or molecules are adsorbed on a surface, charge transfer
between adsorbates and the surface causes changes to
the local dipole moment and the distribution of charge
on the surface; consequently the WF changes. Surface
diffusion of adsorbed species causes fluctuations in the
WF and has been identified as a possible source of the
electric-field noise [2–4] detected in trapped ion experi-
ments [5, 6]. Electric-field noise from surfaces is a ma-
jor barrier to trapped-ion quantum computing, and an
understanding of the underlying physical mechanisms is
important for the elimination of this obstacle [7].
Theoretical efforts to quantify the electric-field noise
resulting from adsorbate diffusion depend on the mag-
nitude of the dipole moment induced by the adsorbed
adatom on the electrode surface. The magnitude of the
dipole moment, ∆µ, is directly related to the surface WF,
∆W , by ∆µ = ∆W0A/e, where 0 is the electric per-
mittivity of free space, A is the surface area occupied by
one adatom, and e is the electron charge. Experimental
measurements of ∆W can be used to directly measure the
magnitude of the dipole moment induced by adsorbates.
Gold is commonly used for ion-trap electrodes due to
its noble characteristics (resistance to corrosion and oxi-
dation), and adventitious carbon is a ubiquitous contam-
inant for metal surfaces. In Ref.[1], measurements of the
WF of C on Au (110) surfaces were compared to density-
functional theory (DFT) calculations to determine the
magnitude of the local dipole moment as a function of
coverage. However, ion-trap electrodes are not composed
of single crystals because they are often fabricated using
evaporation or electroplating techniques, which result in
a polycrystalline structure. As the WF is known to de-
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pend on surface orientation, adsorption sites, and adsor-
bate coverage, an understanding of the dipole moment on
polycrystalline Au surfaces is needed to refine theoreti-
cal estimates for adsorbate diffusion induced electric field
noise in ion trap experiments. In this work, the results
of DFT calculations of the adsorbate dipole moment are
used to describe the dependence of the WF on crystallo-
graphic orientation, namely the (100), (110), and (111)
low-index faces.
To investigate the crystalline orientation dependence
of the WF, when carbon adatoms are adsorbed on
gold surfaces, we performed DFT calculations using
the Plane-Wave Self-Consistent Field (PWSCF) op-
tion in the QUANTUM-ESPRESSO (QE) distribution
[8]. The local-density approximations (LDA) exchange-
correlation functional with the Perdew and Zunger ex-
pression was employed. It has been shown that LDA
DFT results more closely agree with experiment, because
the LDA exchange energy contribution to the surface
energy is overestimated, while the correlation contribu-
tion is significantly underestimated. These two errors
nearly cancel each other[9]. For gold, the ultrasoft pseu-
dopotential (USPP) was generated with the Rappe Rabe
Kaxiras Joannopoulos (rrkjus) scheme with 11 valence
electrons in a 5d106s configuration. For carbon atoms,
the 2s2 2p2 electrons were treated explicitly as valence
electrons in the Kohn-Sham (KS) equations, and the re-
maining cores were represented by USPP pseudopoten-
tials. A 450 Ry ( 1 Ry=13.605698 eV) kinetic-energy
cutoff for the charge density was applied. All structures
were optimized with periodic boundary conditions ap-
plied using conjugate gradient method, accelerated us-
ing the Marzari-Vanderbilt smearing [10] with a width of
0.01 Ry. Structural optimization and property calcula-
tions were carried out using the Monkhorst-Pack special
k-point scheme [11] with 6× 6× 1 meshes for integration
in the Brillouin zone of the slab systems.
For each surface, the periodic supercell slab was con-
structed by cleaving relaxed bulk Au with lattice con-
stant 4.14A˚ , i.e., in good agreement with the experi-
mental value of 4.0780A˚ at 25◦ [12]. The slab model con-
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2FIG. 1. Potential energy landscape (upper panel), and the top view of the corresponding crystallographic orientation surface
(lower panel) of Au(100) (a,b), Au(110) (c,d), and Au(111) (e,f). In the potential energy contour plot, the blue represents the
minimum, and the red the maximum energy. The red boxes show the surface edges of the periodic boundary condition used in
the DFT simulations of the adsorption processes.
sisted of six-layer thick Au atoms with a normal (1 × 1)
superstructure. The schematic of the three surfaces used
in this study are shown in Fig. 1 (lower panels). The
top four layers were allowed to relax, while the bottom
two layers were kept fixed to mimic the bulk. Although
a large vacuum region (15A˚) was used between periodic
slabs, the creation of dipoles upon adsorption of atoms
on only one side of the slab can lead to spurious inter-
actions between the dipoles of successive slabs. In order
to circumvent this problem, a dipole correction was ap-
plied by means of a dipole layer placed in the vacuum
region following the method outlined by Bengtsson [13].
As demonstrated in our previous work [1, 3, 4], the intro-
duction of this artificial dipole layer in the vacuum region
does not modify the local potential near the surface where
adsorption occurs. The adsorption energy of carbon on
each surface is calculated as Eads = ES+C − ES − EC ,
where ES+C , ES , and EC are the total energies of the
surface with a carbon adatom, of the bare surface. and
of an isolated C atom, respectively.
Upper panels in Fig. 1 show the potential energy land-
scapes that in which a carbon atom is exposed, when
it approaches each of the gold surfaces (lower panels).
The potential energy surface (PES) is obtained by post
processing the SCF results of the relaxed surface using
the QE package. The adsorption energy of a fourfold
coordinated C at the bridge site on Au(100) is 5.19 eV
with bond length of 2.30A˚. The pseudothreefold site in
Au(110) surface has an adsorption energy of 5.43 eV with
bond length of 2.06A˚ from the adjacent gold atoms. The
threefold fcc site on Au(111) gives 4.54 eV to adsorb a
carbon atom at 3.08A˚. These adsorption sites are illus-
trated in the lower panels in Fig. 2. In each case, the
position of the carbon atoms can be determined by ana-
lyzing the PES. These positions can also be confirmed
by ab-initio molecular dynamics simulations [1]. The
preferred adsorption of carbon adatoms on fcc sites of
Au(111) supports the formation of a graphene mono-
layer at higher coverage. This is in agreement with pre-
vious theoretical studies [14, 15], and scanning tunnel-
ing microscopy of graphene nanoflakes on Au(111) [16].
Monolayer graphene has also been synthesized on hex-
reconstruction of Au(100) [17], and reported as nanorib-
bon growth on Au(110) [18].
The simplest model to predict how WFs may change
due to the adsorption of atomic species was proposed by
Topping. This model predicts that the degree of elec-
tron transfer from the adsorbed atom to the metal sur-
face is proportional to the difference in electronegativi-
ties of the adsorbate and the substrate. Carbon atoms
are only slightly more electronegative than the gold sub-
strate (2.55 for C, and 2.54 for Au). Therefore the de-
posited carbon adatoms on the gold surface would be
slightly polarized negatively outward. This is also con-
firmed by the analysis of the core-level binding energies,
which indicates that no significant shifts are measured
for the Au 4p, 4d, and 4f core levels due to the carbon
adsorption [1]. This is an indication of minimal charge
transfer to the Au surface and correlates with the corre-
sponding dipole moment change with increasing coverage
[19].
According to the Topping model, with this minimal
outward polarization, one would expect to detect an in-
crease of the WF due to carbon adsorption. This is,
3FIG. 2. (a) WF versus carbon coverage for different gold ori-
entation surfaces. The rate at which the WF approaches the
graphite value after 1 ML coverage is the highest for Au(110),
followed by Au(100), and then Au(111). The data points are
connected to improve the readability of the plots. The top
view of the carbon covered (b) Au(111), (c) Au(100), and (a)
Au(110) surfaces.
however, in opposition to the behavior exhibited in Fig. 2.
The WF of the clean surfaces are calculated to be 5.55 eV,
5.43 eV, and 5.60 eV for Au(100), Au(110), and Au(111),
respectively. These values are in agreement with the pre-
viously reported LDA calculations [9, 20, 21]. As the top
panel in Fig. 2 shows, in each case starting from these
values at zero coverage, the WF near linearly decreases
with coverage. The WF then flattens off at monolayer
coverage, toward minimum values of 4.51 eV, 4.58 eV,
and 4.47 eV, for Au(100), Au(110), and Au(111), respec-
tively. After that, for all surfaces, the WF rises approx-
imately to a value associated with the WF of the bulk
adsorbate, i.e. graphite. The dip in the value of the WF
at 1 monolayer (ML) consistently appears for all of the
surfaces we have considered. There is an indication that
this is a universal behavior [22–24].
The correlation between the WF reduction for different
gold surfaces is provided by analyzing the electron charge
density distribution after carbon is adsorbed on Au(100),
Au(110) and Au(111). The electron charge density plots
presented in Fig. 3 are obtained by post processing the
SCF results of the relaxed surface. The effective role of
the carbon adsorption on WF reduction is qualitatively
explained by determining the change of the charge cor-
rugation due to the adsorption process. This effect has
previously been studied [1, 23]. It is known [25, 26] that
any increase in this corrugation lowers the WF, giving
rise to a dipole with the positive side outwards.
As illustrated in Fig. 3(b), the carbon atom slightly
penetrates into the potential well of the Au(110) surface
(See Fig. 1(c). Therefore the resultant corrugation of
the electron charge density distribution due to the carbon
adsorption is minor. This minimal effect is manifested as
the smallest reduction in the WF at a 1 ML coverage of
Au(110), 0.85 eV. As can be seen in Fig. 3(a), the effec-
tive role of the carbon adsorption on the electron charge
density distribution is more pronounced for the Au(100)
surface. This can also be understood by evaluating the
potential energy landscape and the available adsorption
sites for atomic carbons above the Au(100) surface (see
Figs. 1(a,b)). The elevated charge corrugation in this
case induces a 1.04 eV decrease in WF when 1 ML of
carbon atoms is adsorbed on Au(100) (See Fig. 2 (a,b)).
As shown in Fig. 3(c) this effect is distinctly noticeable,
due to the fact that fcc sites on the Au(111) surface assist
the carbon interactions at closer distances, which in turn
makes the carbon atoms relax at around 3.08 A˚ from the
surface. At submonolayer coverages, this makes the rel-
atively smooth Au(111) surface more corrugated, which
results in the largest drop of the WF at 1.13 eV.
Scalability and stability of trapped ion qubits strongly
depend on the electrode surface quality and the mag-
nitude of the resulting electric-field noise. Accordingly,
achieving high precision performance for such devices re-
quires a thorough understanding of the electronic condi-
tions on top of the electrode surface. Since in practice
polycrystalline gold is commonly used for ion-trap elec-
trodes, understanding the dependence of the surface WF
with crystallographic orientation is of high importance.
In this study we calculated, with ab-initio density-
functional theory, the WF dependence of different Au
crystallographic surface orientations as a function of C
adatom coverage. We analyzed the calculated behav-
ior by the resultant electron charge density distribu-
tions. This study will provide guidance on the influence
of electric-field noise emanating from polycrystalline ion-
trap electrode surfaces.
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4FIG. 3. Electron charge density distribution maps after carbons are adsorbed on (a) Au(100), (b) Au(110), and Au(111). The
increase in charge corrugation lowers the WF giving rise to a dipole with the positive side outwards. This effect is minor for
Au(110), more pronounced in Au(100), and distinctly noticeable for Au(111). The zoomed in view is provided in (c) to better
illustrate the effect.
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